Red blood cell Na + content as well as ouabain-resistant Na + and Rb + (K + ) transport (susceptible or resistant to inhibition by loop diuretics) were determined in spontaneously hypertensive rats (SHR) and nonnotensive Brown Norway (BN) rats the erythrocytes of which were incubated in either saline or Mg i+ -sucrose medium. Elevated ouabain-resistant Na + net uptake contrasted with slightly decreased red blood cell Na + content in SHR compared with BN rats. Acceleration of furosemide-and bumetanidesensitive Na + fluxes contributed to enhanced ouabain-resistant Na + influx into SHR erythrocytes in saline medium, whereas higher furosemide-or bumetanide-resistant Na + efflux caused greater ouabain-resistant Na + efflux in Mg 2+ -sucrose medium. Furosemide-and bumetanide-resistant Rb + leaks were augmented in SHR erythrocytes. The association of the disclosed ion transport alterations with blood pressure was examined in 20 recombinant inbred strains derived from F 2 SFLRxBN hybrids. Ouabain-resistant Na + uptake as wefl as furosemide-and bumetanide-resistant Na + inward leaks (but not red blood cell Na + content or furosemide-and bumetanide-sensitive Na + net uptake) cosegregated with systolic and pulse pressures but not diastolic pressure of the recombinant inbred strains. In contrast, neither ouabainresistant Na + efflux nor any component of ouabain-resistant Rb + uptake correlated positively with blood pressure of the recombinant inbred strains. Increased ouabain-resistant Na + influx was compensated for by accelerated ouabain-sensitive Na + extrusion because red blood cell Na + content was not elevated in the hypertensive strains. Thus, high cell Na + turnover rates might be related to genetic hypertension if an altered Na + inward leak would be less effectively compensated for in tissues involved in cardiovascular regulation. (Hypertension 1992^0:575-582) KEYWORDS • cell membrane permeability • sodium transport • rubidium transport • cotransport systems • bumetanide • furosemide • rats, inbred strains • hypertension, genetic I on transport abnormalities have been proposed to play an important role in the pathogenesis of both human and experimental hypertension.
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1 -2 Underlying generalized membrane alterations are frequently examined in erythrocytes as model systems. There are multiple studies concerning red blood cell ion transport in various strains of rats with genetic hypertension.
3 " 10 The large variance of the data obtained might be due to not only strain differences but also to profound agedependent changes in ion transport kinetics 1112 as well as to considerable methodological differences (e.g., saline versus Na + -free incubation media, normal versus elevated cell Na + contents, whole cells versus ghosts, and in vivo transport rates versus maximal velocities).
According to the pump-leak concept of Tosteson and Hoffman, 13 each living cell must maintain the balance between sodium penetrating the cell membrane through different pathways and sodium pumped out of the cell by the Na + -K + pump. The same is true for the opposite potassium movement. It would therefore be logical to focus attention on particular components of ouabainresistant (OR) Na + influx, namely, on the passive membrane permeability (leakage) for Na + and other monovalent cations. As far as the abnormalities of OR ion transport in genetic hypertension are concerned, most available studies reveal an increased cation leak in red blood cells of spontaneously hypertensive rats (SHR).
310 -14 - 19 The role of altered activity of the Na + -K + -2C1" and K + -CT cotransport systems (susceptible to inhibition by loop diuretics) remains open because these systems regulating cell volume can mediate net transport in both directions, depending on the driving forces given by the concentrations of ions on both sides of the cell membrane. 20 Under physiological conditions the Na + -K + -2CT cotransport system of rat erythrocytes mediates net transport in the inward direction, whereas in Na + -free media outward transport takes place. The Na + -K + -2G~ cotransport in SHR erythrocytes has been reported to be increased, 5 -19 -21 unchanged, 22 or decreased.
The aim of our present study was to investigate whether the increased passive membrane permeability for monovalent cations that is repeatedly described in rats with genetic hypertension 14 -19 is indeed related to high blood pressure. These differences were investigated by simple comparison of an inbred hypertensive strain with a "respective" nonnotensive control strain. This is, however, not sufficient proof that the blood pressure difference is really dependent on the reported differences in genes or quantitative traits. It is necessary to determine in F 2 hybrids that blood pressure cosegregates with a certain trait (e.g., transport parameter) or that hypertension cosegregates with the presence of a particular gene (or genes). 25 The best possibility is offered by recombinant inbred (RI) strains, which represent a fixed F 2 generation. As far as genetic hypertension in rats is concerned, the only available set of RI strains has been produced from SHR and normotensive Brown Norway (BN) rats as progenitor strains. 26 The major advantage of RI strains over F 2 hybrids is the reliable and reproducible determination of the quantitative phenotype in particular RI strains. This approach was used to prove the association of blood pressure with the polymorphism of the RT1 complex as well as of the renin and kallikrein genes. 26 - 28 On the other hand, altered platelet aggregation was found to be independent of blood pressure level in RI strains. 29 The above-mentioned unique set of RI strains enabled us to study the potential association of blood pressure with red blood cell Na + content and with particular components of OR Na + and Rb + transport, the alterations of which were disclosed by the initial comparison of the two progenitor strains (SHR and BN). We also tried to evaluate the significance of the association of 51 known genetic markers with quantitative traits (red blood cell Na + content, ion transport rates) in the RI strains. This was made possible by a comparison of RI strains sharing alleles inherited from either the SHR or BN strain.
Methods

Animals
Sixteen male rats of both progenitor strains (SHR and BN.lx) and 94 male rats of 20 RI strains in the F a or Fa; generations 26 
Genetic Markers
The available list of polymorphic loci in this set of RI strains contains 51 genetic markers that were used for evaluation of the effects of progenitor alleles on particular ion transport parameters. The RI strains were typed for multiple morphological ( 26 In addition, the strain distribution pattern is known for several restriction fragment length polymorphism markers including the renin 27 and kallikrein 28 genes as well as numerous CAC5, GACA4, GTT5, and CT8 tandem repeated sequences and MS15 minisatellites. 30 
Blood Pressure Measurement and Blood Sampling
Blood pressure was determined by direct puncture of the carotid artery under light ether anesthesia. Subsequently, 5-10 ml blood was withdrawn from the abdominal aorta and anticoagulated with 150 IU heparin. Triplicate determinations of hematocrit and hemoglobin were obtained in the whole blood. Blood was centrifuged for 10 minutes at 4,000g and 2-4°C, and plasma, buffy coat, and the uppermost red blood cell layer were aspirated. After a careful mixing of the sediment, three samples of fresh packed erythrocytes were taken in each animal for estimation of the in vivo red blood cell Na + and Rb + contents. The remaining erythrocytes were divided into two parts that were used for experiments carried out in either saline or Mg 2 *-sucrose medium.
Determination of Red Blood Cell Ion Transport
The assay carried out in the progenitor strains was designed to characterize the kinetic properties of the Na -sucrose medium (70 mM MgCl^ 85 mM sucrose, 3.5 mM RbCl, 5 mM glucose, 2.5 mM phosphoric acid, and 10 mM MOPS-TRIS, pH 7.4 at 37°C, 310 mosm/kg H 2 O). Ouabain (5 mM) and furose-mide (1 mM) or bumetanide (10 /iM) were used as inhibitors of the Na + -K + pump and cotransport systems, respectively. Red blood cells were incubated under gentle shaking for 60 minutes in a temperature-controlled water bath at 37°C. The incubation was terminated by placing the incubation vessels in an ice bath. This was followed by centrifugation for 1 minute at room temperature. Cell sediments were washed three times with 2 ml ice-cold choline chloride (150 mM) and hemoh/zed with 1.25 ml of 6% n-butanol containing 0.1% CsCl. Na + and Rb + concentrations were determined in hemolysates by means of atomic absorption.
Rates of Na + and Rb + transport were calculated from the changes of cell cation contents occurring over the 60 minutes of incubation. The fraction of OR Na + and Rb + transport inhibited by either 1 mM furosemide or 10 fiM bumetanide was considered to represent Na + -K + -2G~ cotransport. However, it should be noted that in rat erythrocytes with normal cell volumes, Rb + uptake sensitive to inhibition by 1 mM furosemide comprised a certain fraction of [Na + ] o -independent K + -CT cotransport (J. Duhm and J. Zicha, unpublished data). Moreover, 1 mM furosemide is known to partially inhibit the Na + leak. 31 Diffusional leaks were defined as changes in cell Na + and Rb + contents seen in the presence of both ouabain and furosemide or bumetanide. The kinetic parameters of furosemide-sensitive (FS) and bumetanide-sensitive (BS) Na + efflux (maximal velocity and substrate affinity) were calculated with a modified Hanes plot, 11 whereas kinetic parameters of FS and BS Rb + uptake were calculated using an Eadie-Hofstee plot. 12 Characterization of OR ion transport in the RI strains was limited to the evaluation of transport rates in erythrocytes with native [Na + ], that were incubated in saline or Mg 2+ -sucrose medium containing 3.5 mM [Rb + ] 0 (close to physiological K + concentrations) and 5 mM ouabain combined with 1 mM furosemide or 10 fiM bumetanide. One reason was the absence of significant differences between the two progenitor strains in the kinetics of FS or BS Na + and Rb + transport (see "Results"). This limitation enabled the simultaneous estimation of transport rates in six rats originating from different RI strains so that the validity of interstrain differences was increased.
List of Chemicals
Rubidium chloride, cesium chloride, choline chloride, sucrose, glucose, n-butanol, TRIS, phosphoric acid, and Hemoglobin Merckotest were from Merck, Darmstadt, FRG; MOPS and furosemide were from Sigma Chemical Co., St. Louis, Mo.; ouabain was from Serva, Heidelberg, FRG; bumetanide was from Leo Pharmaceutical Products, Denmark; and sodium chloride and magnesium chloride were from Aristar BDH Chemicals, Poole, England.
Statistical Analysis
Red blood cell ion contents and transport rates refer to the mean cellular hemoglobin content determined in respective animals. Data are expressed as mean±SEM. Differences among the RI strains were evaluated by one-way analysis of variance followed by the calculation of least significant differences, 32 whereas differences between progenitor strains were analyzed by two-tailed Student's t test.
Correlation coefficients obtained by linear regression analysis indicated the degree of cosegregation of respective parameters with blood pressure in the RI strains.
The effects of SHR or BN alleles on red blood cell Na + content and ion transport rates were evaluated for each of 51 genetic markers known in this set of RI strains (mentioned above). Using average values of the transport rates seen in particular RI strains, we calculated the mean±SEM for groups of RI strains possessing either the SHR or the BN allele. Student's t test was used for comparison of the resulting pairs of means.
Results
Progenitor Strains
The red blood cell Na + content was lower in SHR than in BN rats. This difference was, however, eliminated by the cell Na + loading ( Table 1) that was achieved by progressive inhibition of the normal forward running of the Na + -K + pump by lowering the extracellular K + concentration ([Rb + ] 0 ) in the saline preincubation medium.
The incubation of erythrocytes from both progenitor strains in saline medium revealed a tendency of all components of OR Na + net uptake to higher rates in SHR. This resulted in significantly greater OR Na + net uptake in SHR than in BN rats (Figure 1 ). Rb + transport (both susceptible and resistant to inhibition by loop diuretics) rose with [Rb + ] 0 in both strains. SHR did not differ from BN rats in FS or BS Rb + uptake, but there was a significantly higher furosemide-resistant (FR) and bumetanide-resistant (BR) Rb + leak in SHR erythrocytes studied in saline medium (Figure 1) .
Alterations of OR Na + and Rb + transport were also disclosed in SHR erythrocytes incubated in Mg 2+ -sucrose medium (Figure 2) 
FS or BS Na
+ and Rb + transport studied in either saline or Mg 2+ -sucrose medium (Table 2) .
Recombinant Inbred Strains
There were significant differences among the RI strains, not only in systolic blood pressure (SBP), mean arterial pressure, diastolic blood pressure (DBP), and red blood cell Na + content (F, 973 ratio, 4.92, 3.81, 3.02, and 4.41, respectively, /?<0.01), but also in most of the studied components of OR ion transport (Table 3) except OR Na + efflux (namely, its FR and BR components) measured in Mg 2+ -sucrose medium. It is important to note that only OR Na + net uptake and the respective inward Na + leak (both FR and BR), which were determined in erythrocytes incubated in saline medium, correlated positively with blood pressure in the RI strains (Table 3) . This was not the case for either FS or BS Na + uptake or red blood cell Na + content (Figure 3) . Moreover, none of the components of OR Na + efflux studied in Mg 2+ -sucrose medium correlated significantly with blood pressure of the RI strains (Figure 4) . Analysis of the blood pressure relation to particular components of OR Rb + uptake yielded very low correlation coefficients irrespective of the incubation medium used (Table 3, Figures 3 and 4) . This was rather surprising because the differences in FR and BR Rb + uptake between the progenitor strains ( Figures 1 and 2) as well as among the RI strains (Table  3) were considerable.
The OR Na + net uptake was associated not only with SBP but also with mean arterial pressure, whereas its 
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nrnol NaVl cells relation to DBP did not attain the 5% level of significance (Table 4) . There was a similar cosegregation of FR and BR Na + net uptake with SBP but not DBP. The reverse was true for FS and BS Na + net uptake, which had no relation to SBP but tended to correlate positively with DBP of the RI strains (Table 4 ). The OR Na + net uptake and both FR and BR Na + leaks correlated positively with pulse pressure, whereas FS and BS Na + net uptake tended to correlate negatively with pulse pressure (Table 4 ). There was a strong tendency to positive correlations of red blood cell Na + content with OR Na + net uptake and FR or BR Na + leaks but not with FS or BS Na + uptake (Table 4) . Although 1 mM furosemide always exerted greater inhibitory effects on OR ion transport than 10 uM bumetanide, FS transport of both Na + and Rb + correlated well with BS transport (r ranging from 0.694 to 0.992, n=20). The same was true for the similarity of FR and BR ion transport (r between 0.468 and 0.972).
FIGURE 2. Line graphs show ouabain-resistant (OR) as well as furosemide-sensitive (FS) and furosemide-rcsistant (FR) Na + efflux and Rb + uptake determined in erythrocytes of spontaneously hypertensive rats (SHR) (•, -) and normotensive Brown Norway rats (BN)
Some results suggested that the increased passive membrane permeability observed in some RI strains might be common for both Na + and Rb + . It is true that FR and BR Na + net uptake correlated well with FR Rb + uptake measured in saline medium (r=0.589 and 0.500, n=20, p<0.01 and p<0.05, respectively), but other correlations between Na + and Rb + leaks were not significant. On the other hand, activity of the cotransport system (or systems) disclosed in saline medium resembled that observed in Mg 2+ -sucrose medium. This was true not only for FS and BS Rb + uptake (r between 0.706 and 0.742, n=20) but also for FS Na + net uptake, which correlated positively with FS Na + efflux (r=0.503, p<0.05), and for the relation of FS Rb + uptake determined in saline medium and FS Na + efflux measured in Mg 2+ -sucrose medium (r=0.474,/?<0.05).
Comparison of RI strains with SHR and BN alleles revealed increased OR Na + net uptake due to elevated Na + leak in RJ strains sharing the SHR allele of the RT2 complex compared with strains sharing the BN allele (Table 5 ). In addition, there was a group of polymorphic loci (RT5 complex, angiotensinogen, luxation, and minisatellite MS15-1) that were associated (p<0.05) with increased FR and BR Na + inward leaks in RI strains possessing SHR alleles, but this change was almost completely compensated for by a parallel decrease of FS and BS Na + net uptake so that OR Na + net uptake was unaltered. None of the above-mentioned genetic markers had any significant relation to blood pressure in the RI strains. On the other hand, the SHR alleles of the kallikrein and renin genes as well as of the RT1 complex had no significant effect on OR, FR, or BR Na + net uptake (Table 5 ), although they have been reported to be related to the blood pressure of RI strains.
Discussion
Our experiments carried out in both saline and Mg 2+ -sucrose media indicated important differences in OR Na + and Rb + transport between the progenitor strains (SHR and BN rats). The OR Na + net uptake was higher in SHR erythrocytes incubated in saline medium due to the enhancement of FS and BS Na + net uptake, although there was also a certain tendency to a greater BR Na + inward leak. On the other hand, the elevated OR Na + efflux from SHR erythrocytes incubated in Mg 2+ -sucrose medium was caused by the augmentation of only the FR or BR Na + outward leak. Rb + leakage (both FR and BR) was always greater in red blood cells of SHR than BN rats, the changes being more pronounced in Mg^-sucrose medium (Figures 1 and 2) . The augmented Rb + leak in SHR compared with BN rats was also reported by OTIOV et al. 10 A comparison of The main result of our study was the observation that among all studied transport parameters only OR Na + net uptake, as well as FR and BR inward Na + leaks, cosegregated with blood pressure of the RI strains investigated (Table 3) . These parameters had a closer relation to SBP than to mean arterial pressure, but they did not correlate with DBP (Table 4) . In contrast, DBP of the RI strains tended to correlate positively with FS and BS Na + net uptake that had no relation to either SBP or mean arterial pressure. The different relations of the above-mentioned components of OR Na + net uptake to SBP and DBP are reflected by a major difference (p<0.001) in their relations to pulse pressure. Highly significant positive correlations of OR, FR, and BR Na + uptake with pulse pressure contrast with a tendency to negative correlations between pulse pressure and FS or BS Na + net uptake. This suggests that each component of OR Na + influx might influence a different cardiovascular structure (e.g., great arteries versus resistance arterioles). However, it should be mentioned that the absence of a cosegregation of a Na + leak with DBP does not favor importance for the increase in peripheral resistance.
An attempt was made to look for an association of augmented Na + leak with some genetic markers. None of the genes (kallikrein, renin, and the RT1 complex) that were previously demonstrated to be involved in blood pressure control in RI strains 26 " 28 exerted any significant effect on a Na + leak. On the other hand, the SHR haplotype of the RT2 complex seemed to be associated with a high OR Na + net uptake due to an enhanced Na + leak. The definitive allocation of genes responsible for the observed alterations of OR Na + transport requires a lot of further research, including the completion of a rat genome map.
As can be seen in Table 3 , none of the components of OR Na + efflux (in Mg 2+ -sucrose medium) or OR Rb + uptake (in both media) was associated with SBP, and the same was true for the relation to DBP (data not shown). Thus, we did not observe cosegregation of SBP with FS or BS Na + efflux, which was reported in red blood cells of Milan normotensive strain x Milan hypertensive strain and WKY x SHR F 2 hybrids.
-
33 Another study carried out in WKY x SHR F 2 hybrids did not find a correlation of SBP with red blood cell Na + -H + exchange. 10 In contrast, red blood cell Ca 2+ content 33 and lymphocyte K + net efflux 34 were reported to cosegregate with SBP. Net K + efflux correlated with the blood pressure of F 2 hybrids closer than net Na + influx and seemed to be partially mediated by Ca 2+ -dependent K + channels. The relation of net Na + influx (determined during the incubation of lymphocytes in saline medium at 4°C) to the SBP of F 2 WKYxSHR hybrids 34 is very similar to the relation between OR Na + net uptake and SBP in our RI strains. Unfortunately, the above studies performed in F 2 hybrids were based on only indirectly measured SBP so that the cosegregation with mean arterial pressure or DBP cannot be evaluated.
There was a strong tendency to a positive correlation between OR Na + net uptake (especially its BR component) and [Na + ]i in the RI strains, but no association of [Na + ], with blood pressure was found (Tables 3 and 4) . Indeed, [Na + ], in the RI strains with higher blood pressure levels did not surpass that found in the RI strains with lower blood pressures. This was also true for SHR, in which [Na + ]i was even lower than in normotensive BN rats although OR Na + net uptake was higher. According to the pump-leak concept of cell volume regulation, 13 SHR and hypertensive RI strains with elevated OR Na + influx should also possess accelerated ouabain-sensitive (OS) Na + extrusion. Orlov et al 10 + -K + pump in hypertensive animals is due to more pump sites, greater turnover of the pump, or increased affinity for cell Na + . Moreover, it would be highly interesting to know whether these parameters of the Na + -K + pump also cosegregate with blood pressure of the RI strains.
At present we cannot decide whether it would be possible to dissociate the pathways mediating increased passive membrane permeabilities for Na + and Rb + (K + ), ions that are characteristic for genetic hypertension. Some positive correlations between Na + and Rb + leaks in RI strains suggest a certain degree of association of the respective pathways for both cations, but we know from our other studies that a chronic high salt intake 12 or deoxycorticosterone acetate-salt treatment 36 enhances the Na + leak without altering the Rb + leak. Cosegregation of OR Na + uptake or the Na + inward leak with blood pressure supports their importance in the pathogenesis of genetic hypertension under the assumption that increased Na + influx and cell Na + turnover also occur in some tissues directly involved in the cardiovascular regulation of genetically hypertensive animals. A major elevation of [Na + ]i in the aorta of SHR 37 indicates that the readjustment of the Na + -K + pump in these tissues need not be so efficient as in erythrocytes. On the other hand, increased OR Na + influx might also be a consequence of some other primary abnormalities of the cell membrane, cellular calcium metabolism, or intracellular signaling mechanisms. Generalized alterations of the plasma membrane lipid bilayer might influence some of the above-mentioned ion fluxes. Further research should therefore be focused on the altered membrane microviscosity that has been repeatedly reported in SHR and other rat strains with genetic hypertension 38 -41 and is known to occur even in prehypertensive stages. 38 -42 
